The reversal of magnetic moments of nanoparticles in concentrated Co-ferrofluids was monitored in an oscillating magnetic field by new time-resolved stroboscopic small-angle neutron-scattering techniques. Time resolution in the µs range was achieved by using a pulsed beam technique, TISANE, while in continuous mode resolution was limited by the wavelength spread to about 1ms. The frequency dependence of anisotropic scattering patterns has been modeled using Langevin dynamics. The dynamics follows a two step mechanism:
Dynamical studies of nanosized inhomogeneities by means of small-angle neutron scattering (SANS) usually are limited to slow processes where the system remains in a quasi-steady state during data acquisition time. A breakthrough to time resolution of microsecond range was achieved by new SANS techniques, allowing the dynamics of fast ordering processes in Co-ferrofluids to be analysed.
SANS studies using polarized neutrons have shown that in concentrated Co ferrofluids interactions between superparamagnetic particle moments are induced by an external magnetic field, giving rise to an unusual pseudocrystalline hexagonal ordering of the nanosized magnetic particles 1 . Locally ordered domains of typically 100 nm in size coexist with flexible dipolar chains 1, 2 . In previous time-dependent SANS experiments, the relaxation of local ordering has been studied when the saturation magnetic field was switched off 3 .
Magnetic correlations between nanoparticles were found to decay exponentially within a characteristic time order of 1-5 s. The onset of the local ordering, however, was too fast to be observed by this direct mode. In order to study the dynamics of reversal and reordering of the particle moments, a periodic sine-wave modulation of the magnetic field was applied to the sample and combined with new time-resolved SANS techniques. Here we present the setup and advantages of two techniques for investigation of oscillating processes by means of SANS: a direct stroboscopic mode using a continuous neutron flux is compared to a pulsed time-resolved technique TISANE 4 based on the FOTOF technique 5 .
A magnetic field generating coil with a ferrite core was operated with a high-stability frequency generator and power amplifier. The neutron time-of-flight is given by
leading to a delay of the detector response with respect to the magnetic field of t TOF /Δt channels. Because of the phase shift ϕ ≈ -π/2 between the ac voltage producing the trigger signal and the induced magnetic field, the time channels corresponding to zero field depend on the frequency according to In the TISANE technique ( Fig. 1 (2) The SANS intensity is given by
The term in braces was derived for single-domain particles in equilibrium 6, 7 . F N and F M are the nuclear and magnetic form factors of the particles defined by V c is the core volume and m 0 is the spontaneous magnetisation of Co. As long as all particle moments follow the oscillating magnetic field, the SANS pattern should be described by Eq. (3) using In the TISANE technique, however, the time resolution at the detector is given by
which is dominated by the chopper pulse lengths of 50-500 μs given by Δt e = 0.035/ν e for the present chopper slit and frequency range, compared to Δt s ≈ Δt d /2 ≈ 1.5 μs. Since time resolution Δt e , sample cycle time T s and detection duty cycle T d scale inversely with the chopper frequency, the damping of the TISANE signal is independent of the oscillation frequency and much weaker than in the continuous SANS mode, i.e. Δt R /T S ≈ 3.5% [bars in Fig.3(b) ]. The 2D scattering patterns in the pulsed TISANE experiment were found to oscillate from nearly isotropic at n t (B = 0) to strongly anisotropic at n t (±B max ). The data combined from the continuous and TISANE techniques indicate a relaxation process which reflects the polydispersity of ordered domains, and is basically in agreement with ac susceptibility measurements 8 . For about 40% of the particles, moment rotation is blocked already below 100 Hz while between 600 and 1300 Hz the remaining particle moments . The field-induced ordering process must be governed by the fast particle rotation causing the magnetic moments to align along the direction of the magnetic field. Then the moments get stuck into locally ordered domains of about 100 nm in size. Magnetic relaxation takes place either by Brownian rotation of the whole domain or by rotation of magnetic moment inside the particle against the anisotropy energy barrier K A according to the Néel mechanism given by
The characteristic time of both mechanisms is expected to be 1-50 s, which corresponds closely to the values observed previously when the field was switched off allowing for full relaxation into equilibrium 3 . This slow relaxation of large ordered domains is at the origin of low frequency step. The incomplete relaxation gives rise to frozen random orientation of particle moments observed in an oscillating magnetic field. The sticking of particles must be induced by the strong dipolar interactions energy given by 
